Abstract: Optical microscopy is widely accepted as one of the gold standards in disease diagnosis. However, factors such as cost and the need for a trained eye limit the prevalence of such equipment, particularly in resource-limited areas such as rural clinics. Lensless microscopy, which is based on principles of digital holography, has illustrated the possibility of using simple and cheap optical components combined with software algorithms to implement microscope platforms. We present a digital in-line holographic microscope (DIHM) platform to be used with image processing and classification algorithms to provide a low cost, portable and automated microscope. Initial results show that the images obtained using the DIHM platform are similar to those obtained using a conventional bright field microscope. Applications of this work are targeted towards the implementation of a full blood count, which could provide resource-limited areas with improved healthcare facilities and diagnosis times.
INTRODUCTION

Background
The concept of holography dates back to 1948, with its name derived from the Greek words "holos" and "graphein", meaning entire and to write, respectively [1] . A hologram is a recorded interference pattern between a reference wave and a wave field scattered from an object. Traditionally, holographic plates were used as recording mechanisms to capture the hologram. The recorded holographic image is then illuminated with the reference wave to obtain a reconstructed object wave, which is the same as the original object wave.
Throughout the last few decades, significant developments in the field of holography have been made, particularly with the direct recording of Fresnel holograms, made possible with charge-coupled devices (CCDs) [2] . This method enables full digital recording and processing of holograms, without having to use photographic recording processes. The technique has been labelled direct holography, and more recently, digital holography.
In digital holography, the interference between a reference wave and a scattered wave from an object are captured at the surface of a CCD, or other similar lightsensitive electronic device. The resulting hologram is thus electronically recorded and stored. Numerical reconstruction of the object from the electronically recorded hologram can then be performed. Numerical reconstruction can be implemented using approximations of diffraction theory calculations, e.g. the FresnelKirchoff integral.
Digital holography has seen many improvements and has been applied to a variety of measurement tasks, including shape measurement and deformation analysis, encryption of information, etc. [1] . Included in these applications is the use of digital holography in imaging, and in particular microscopy [3 -5] , providing microscope systems with a large field of view compared to conventional bright field microscopes.
Motivation and objectives
Digital holography demonstrates the implementation of microscopy methods using simple recording devices (e.g. CCDs), without the need for specialised optical components such as lenses. This illustrates the possibility of using simple and cheap optical components with software algorithms to create a low cost and compact microscope platform.
In addition to the advantages of digital holography for microscopy applications in terms of cost and complexity, digital holography also provides advantages over conventional microscope systems in terms of field of view and depth of field. Digital holography allows for images with a large field of view to be captured, where the field of view is proportional to the size of the digital sensor. In terms of depth of field, conventional microscopes provide a focussed image at a single plane, whereas a hologram contains the complete threedimensional information of the optical wavefront. This allows for reconstruction of the object image at any focal plane.
Optical microscopy is an established field with vast applications. Among the most important applications is that it is considered one of the gold standards for medical diagnosis, with use in advanced laboratories through to rural clinics. However, conventional optical microscopy makes use of specialised optical components and requires a trained operator. Implementation of a low cost microscope by means of digital holography techniques could enable microscopy to become a more accessible tool, particularly in resource limited areas. By combining this platform with algorithms for identification of a specific disease to be diagnosed from a biological sample, an automated microscope with a large field of view can be realised, making analysis more efficient. In addition, the reduced complexity of the optics of the digital holography microscopy system would allow for cheaper, more compact and mobile equipment to be developed compared with many traditional microscope systems, potentially providing a point-of-care disease diagnostic solution ideally suited to resource limited settings.
The development of effective point-of-care disease diagnostics, particularly for developing countries, is rapidly becoming a more prominent area of research [6, 7] . The potential impact of such diagnostic tools is high, as there is a global increase in non-communicable and infectious disease, and diagnostics remain expensive and unavailable in areas that are in the greatest need of medical assistance [8] .
Applications of this work as a disease diagnostic tool could provide resource limited areas with improved healthcare facilities and reduced diagnosis times without requiring skilled personnel on site. This would be particularly useful and novel in a local South African context, where existing medical diagnostics are generally expensive and thus inaccessible to the majority of the population, with a limited number of trained personnel to operate the diagnostic tools. Other developing countries across the globe, from Africa to Asia, would also benefit from the realisation of a disease diagnostic as presented here, as would developed countries, where point-of-care and home-test medical diagnostics for chronic diseases could be realised.
PRINCIPLES OF HOLOGRAPHY
Fundamental principles of holography include propagation and interference of light waves, which can be explained using scalar diffraction theory [1, 9].
There are different holography set-ups (off-axis, in-line etc.), many of which have the same theoretical principles [10] . In-line holography with spherical waves is the simplest realisation of the holographic method [3] and will form the basis of the work discussed in this paper.
Hologram generation
The generation of a hologram is illustrated in figure 1 . Mathematically, the reference wave, E R , with real amplitude, A R , and phase, φ R , is described by
(1) while the object wave, E O , with real amplitude, A O , and phase, φ O , is described by
The interference of the reference and object waves at the surface of the recording medium has an intensity, I(x,y), that represents the hologram. This can be calculated by
Image reconstruction from hologram
A hologram of an object that is situated at a distance z from the recording device (e.g. CCD) can be used to reconstruct a virtual image of the object at the position of the original object. A real image of the object is also formed at a distance z from the recording device, but in the opposite direction of the recording device. This is illustrated in figure 2. For reconstruction of the undistorted real image at the position previously occupied by the object during recording, the conjugate reference beam is used to illuminate the hologram and obtain a reconstructed image of the object.
For image reconstruction, the diffraction of a light wave at an aperture is calculated. In this case, the hologram is the aperture, and the light wave is the conjugate reference beam, which is assumed to be perpendicular to the hologram. This is the in-line digital holography set-up. The diffraction can be described quantitatively by the FresnelKirchoff integral in equations (4) to (6) . Equation (4) forms the basis for numerical hologram reconstruction. It should be noted that the spherical reference wave is assumed to be far enough from the object to have planar properties, and thus the conjugate reference beam is equivalent to the reference beam: E R * = E R ≡A R. 
and 2 k (6) 
Numerical reconstruction
Numerical approximations can be implemented to calculate the Fresnel-Kirchoff integral for reconstruction of the image. A commonly used technique is the Fresnel approximation, which is used in this work as it is valid for microscopy applications where the object dimensions are small compared to the distance z.
Equation (5) can be approximated by a Taylor series [1, 9] , which enables equation (4) to be modified to the Fresnel approximation or Fresnel transformation as given by equation (7) . The double integral can be recognised as a Fourier transform, simplifying the numerical calculation for image reconstruction.
The digital in-line holographic microscope (DIHM) platform that was implemented makes use of a laser diode light source, an aperture, and a complimentary metal oxide semiconductor (CMOS) image sensor. A digital hologram of the object being investigated is captured by the image sensor. Image reconstruction is then performed on the hologram to provide an image of the object with a large field of view. CMOS sensors, such as those found in mobile cameras, are readily available and can be utilised for digital microscopy applications, providing a lensless system that is low in cost.
To construct the DIHM platform, interchangeable light sources are used. An infrared laser diode (808 nm) (L808P010,Thorlabs) and a blue laser diode (408 nm) (ML320G2, Thorlabs) have been used. An aperture of 50 μm was used to improve the coherence of the light. The object to be imaged was mounted on a glass microscope slide with dimensions 76 mm x 26 mm x 1 mm. The slide contained either a printed microscopic image, or a stained and fixed blood film, as prepared by pathologist laboratories. The image sensor used was a 1/2.5-Inch 5MP CMOS digital image sensor (MT9P031, Aptina) with a 2.2 μm x 2.2 μm pixel size. The DIHM platform was set up in such a way that the distance d between the aperture at the light source and the object was 200 mm to ensure a planar wave at the object plane. The distance z between the object and the image sensor was set at 2 mm. Figure 3 provides a simple illustration of the DIHM platform set-up with the various components and parameters of the system and figure 4 shows the physical experimental set-up that was manufactured. 
SIMULATIONS
An algorithm was implemented in Matlab to simulate the wave propagation and hologram formation as generated by the physical DIHM platform. The simulation of the wave propagation parameterizes and closely models the physical experimental platform and enables diffraction patterns and holograms of arbitrary objects of a microscopic scale to be generated. This provides a simulation tool that enables parallel testing and optimization of the physical DIHM platform parameters. 
Simulation results
The set of images in figures 5 to 7 show results of a forward wave propagation simulation using an artificial object. The artificial object has a diameter of 50 μm with smaller irregular shapes inside, similar to the structure of a white blood cell found in human blood.
The model simulates the propagation of a defined light source through the object to create a diffraction pattern (not shown) and a hologram of the object as shown in figure 6 . The hologram is then used to reconstruct an image of the original object and the result is shown in figure 7 .
The reconstruction algorithm uses as an input either an image of a hologram produced by the wave propagation simulation, as in figure 7 , or a hologram image produced by the experimental DIHM platform (figures 8 and 9). The reconstruction algorithm then generates an in focus image of the original object.
Experimental DIHM results
Once simulations of hologram generation and image reconstruction were verified for an artificial object, holograms were recorded using the DIHM platform. As an initial test, a positive 1951 United States Air Force (USAF) Wheel Pattern Test Target slide (R3L1S4P, Thorlabs) was used as the object, with lines and numbering in varying sizes, with the smallest feature sizes around 2 μm. The infrared laser was used as the light source, with the set-up as described in section 3. Using these parameters, figure 8(a) shows the digital hologram of the central area of the USAF slide, recorded by the CMOS sensor on the DIHM platform. To test the abilities of the DIHM further, blood smear slides were imaged. Experiments were performed with both the infrared and blue laser diodes. A hologram of a small area of a blood film slide that was obtained using a blue laser diode, and other parameters as described in section 3, is shown in figure 9 (a). The corresponding reconstructed image is shown in figure  9 (b), with a comparison to an image of the same area of the blood film obtained using a conventional bright field microscope with 400X magnification. The circled areas in figure 9 (b) and (c) assist in highlighting corresponding areas in the two images.
The abrupt changes at the edges due to the finite sample size of the hologram results in noise at the borders of the reconstructed images in figures 8(b) and 9(b). This can be addressed by using windowing functions. However, initial results obtained indicated that the reconstructed image was of a higher quality when using the cropped images as compared with using standard windowing functions. More advanced and customized windowing techniques could be investigated and implemented to improve the reconstructed image quality.
The blue light source provided clearer results for imaging red blood cells, which are more prevalent than white blood cells in a blood film. This suggests that information from different light sources could be combined for optimal image reconstruction results. 
DISCUSSION
Initial results for both the simulated and experimental DIHM system show the successful implementation of both the physical DIHM platform as well as the reconstruction algorithm.
The implementation of the wave propagation simulations allowed for diffraction patterns and holograms to be generated as a parameter optimisation tool for the DIHM platform, and also enabled the simulations to be verified against existing diffraction theory literature. By using a simple circular aperture through which a light source propagates, the Fraunhofer diffraction pattern or Airy pattern produced was recorded. The maximum and minimum values along a cross section of the simulated diffraction pattern compared well to expected theoretical values [9] The diffraction patterns obtained using the wave propagation simulations indicated the successful implementation of the diffraction theory. This shows that the simulations can be used as a tool in investigating diffraction pattern and hologram pattern generation and the parameters required to achieve this.
In addition, since reconstruction of the original image (either simulated or real) was successful using a hologram as an input, this shows that the reconstruction algorithm was successfully implemented.
The reconstruction algorithm provided successful image reconstruction for both simulated artificial objects, as well as real objects where the holograms were recorded using the physical DIHM system. This shows that the physical implementation of the DIHM platform was successfully carried out.
Initial tests to investigate the reconstruction of images of blood cells from a recorded hologram of a blood smear slide have been shown to be successful with a high resolution. Red blood cells are typically 6 -8 um in size, and it is clear that the DIHM can resolve these cells ( figure 9(b) ).
Potential improvements to the DIHM system can be investigated and implemented in terms of physical and image processing techniques. An off-axis set-up as opposed to the in-line digital holography set-up would improve the quality of the reconstructed image, as the reference wave and object waves can be spatially separated and analysed independently. Improvements in the image quality could then further be obtained by using a digital sensor with a smaller pixel size.
The finite sample size or sub-section of the entire hologram used in the image processing of this work does affect the reconstructed image quality. However, [1] demonstrates that the sub-image contains enough of the hologram information to adequately reconstruct the image. As the sub-image becomes smaller, the quality of the reconstructed image will deteriorate. The optimal size of the sub-section of the hologram could be investigated in future.
A number of image processing techniques have been implemented in this work, including the implementation of a pre-processing Laplacian filter to enhance the contrast of the hologram image before performing image reconstruction. This high frequency filter was found to have the greatest effect on the reconstructed image quality out of all the processing techniques investigated. Smoothing functions were also implemented to soften the noise in the background of the image.
Other image processing techniques investigated included interpolation, stretching, rescaling, and histogram equalisation of the image [11] . The techniques initially investigated were found to have a minimal effect on the quality of the reconstructed image. Further investigation of pre-and post-processing techniques can be carried out in future work to determine the improvements to the reconstructed image quality.
In addition to investigating blood cells and other biological elements for medical imaging, a potential application of the digital holography techniques implemented in this work would be the inspection of micro-defects, which would find use in various manufacturing fields.
CONCLUSION
Initial results show that the DIHM system produces similar images to those obtained with a conventional bright field microscope. Using this successful lensless imaging system as a basis, the system can be further developed to perform automated identification and counting of the objects being investigated. For example, an initial application of this work will be targeted towards the implementation of an automated full blood count, which could provide resource limited areas with improved healthcare facilities and reduced diagnosis times at a low cost. 
